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APR operation was restored, the fermenters were returned to continuous operation. Although, low level 
contamination was detected throughout the run, it only became a significant problem on two occasions. The first 
occasion occurred near April 4 (identified by rapidly raising acetic and lactic acid concentrations and bacterial 
cell counts), and was controlled by addition of penicillium to all fermenters followed by addition of penicillium 
to only the first 9000-L fernenter. Lactrol (virginiamycin) was used after the penicillium supply was exhausted. 
On April 15 an inadvertent large dose of Lactrol was added to the fermentation, however, after this, bacterial cell 
counts decreased and contamination was not a further problem. A large increase in bacterial cell counts occurred 
at the end of the run and was a major contributing factor to ending the run. 

Both penicillium and Lactrol attack gram-positive bacteria, such as the lactobacillus contaminant common in 
these fermentations. But there was not enough data to judge the relative effectiveness of the different antibiotics 
Since Lactrol appeared to be effective at reducing and eliminating the contaminant and is easier to obtain, it will 
be used if necessary during Task 5 .  

Addition of a recycle stream containing ethanol to the first 9000-L fernenter began on April 20. It was intended 
to raise ethanol concentration in the first vessel to 4.5% as a means of controlling contanination. Distilled 
ethanol (50% w/w) was diluted to approximately 18% in the seed hold tanks. The recycle stream was then fed 
continuously to the first fermenter through the former enzyme addttion system. Sterile water addition was 
reduced to maintain the target solids concentration. 

3.3 Operational Notes 

The following is a discussion of significant operational notes and problems that occurred during this run. 

3.3.1 Feed Handling 

This was the first run to use the flex conveyor and automated feed system to feed the APR weigh feeder. The 
system functioned well, although there were some minor problems with feed plugging and resolving Data 
Acquisition and Control System (DACS) programning problems. The most significant problem was foreign 
objects getting into the APR feed hopper. The most common objects were large wood splinters from the pallets. 
Several times wood pieces were removed from the entrance to the APR after travelling through the feed system. 
A vibratory screen will be added to remove foreign objects before they can enter the APR feed hopper. 

It was difficult during this run to track feedstock hstory. Drums were only labelled with a date or even several 
dates, that did not provide a clear identification of different feedstock lots. In the future. drums will be labelled 
with a lot number and that information will be recorded by APR operators each time they dump a load of drums 
into the feed hopper. Samples from each lot will be sent by Federal Express to both Amoco and NREL so that 
the composition can be determined pnor to using any given lot. 
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from the column 
problem. 

walls falling into the pump inlet. Better cleaning during long term shutdowns will solve this 

3.3.3 Fermentahon 

There were no problems with the limited operation of the seed train during this run. , 

Because of the low enzyme flow rate required for this run, a carboy and small peristaltic pump were used to 
transfer enzyme1 to the first 9000-L fermenter. Nacin (antibiotic) was added to the enzyme to eliminate any 
bacteria. The f o b e r  enzyme tank was used as an additional tank for feeding CSL. 

Contaminants wkre detected in the CSL transfer system and ths  may be the cause of contamination during this 
run. The problem may be poor cleaning and sterilization practices on the CSL transfer system. More attention 
will be paid to daintaining this system during Task 5 .  

There continued to be a problem with reliable operation of the mass spectrometer (MS) during this run, 
particularly measurement of ethanol. A vendor representative worked on the system and identified that the 
ethanol calibration oven was not supplying the correct concentration required for ethanol calibration. The 
problem was resolved by modifying the oven's heating system to increase the setpoint temperature and thus the 
ethanol concenthion into the range required by the MS. Reliable measurements of exhaust gas composition 
were taken near the end of the run and used in mass balance calculations. 

I 

Coating of the agitator shaft in the first 9000-L fermenter with sodium carbonate during the run continued to be 
a problem that jeopardizes the agitator's mechanical seal. The problem was previously identified as a reaction 
of sodium hydroxide used for pH control with carbon dioxide produced by the fermentation. Once during this 
run, the level in the fernenter was raised to dissolve the buildup. However, this caused chunks of the material 
to come off and led to plugging problems in the fermenter pumps. 

3.3.4 Distillatio@ll System 

Duringth~ run, tde fourth 9000-L fermenter was operated as a kill tank. After distillation, the hot (8O"-9O0C) 
bottoms product bas fed to the fourth fernenter and held at 80°C for one hour before being discharged to the 



sewer. During the latter part of the run, the bottoms product was not cooled after distillation and instead fed into 
the fernenter while still hot. Both the temperature increase during distillation and subsequent hold of the 
material for one hour at 80 O C in the fermenter were part of the approved kill process. 

On April 22, a valve on the bottom of the fourth fermenter was accidentally left open during transfer of bottoms 
product to this tank. About 1500 kg of material was discharged to the floor and collected in the neutralization 
tank. Since this bypassed the normal kill procedure conducted in the fourth fernenter, this material was killed 
by addition of bleach to the neutralization tank before discharge to the sewer. The procedure has been revised 
to more clearly direct the operator to close the valve before filling the fourth fermenter. 

3.3.4 Centiifugation 

The centrifuge was operated to separate solids from the distillation bottoms for testing as animal feed. The pilot 
plant used a Sharples P-3000 continuous decanter, however, this may not be an appropriate unit for a commercial 
plant. Numerous problems were encountered with plugging of lines, floodrng of the cenh-ifuge, and high torque 
alarms on the centrifuge. These problems required a sigdkant amount of operator time and intervention to 
resolve and correct. Typical total solids concentrations in the cake were 22%-24%. This was lower than hoped, 
and aRer consultation with the equipment manufacturer, a larger backdrive motor was ordered to increase solids 
concentration and recoveries and eliminate the hgh torque alarms. 

4.0 Key Results 

The following sections presents key results obtained during operation of the pilot plant. 

4. I Feedstock 

The composition of corn fiber blends used in this run (P9603 14CF) as well as in earlier runs are shown in Table 
2. Some of the analysis performed by the outside laboratory are questionable. Note the hlgh glucose content of 
the first three samples (Mar. 15, 16, and 17) and three samples near the end of the run (Mar. 16, April 22. and Lot 
3). These results are inconsistent with sample analysis from the middle of the run and repeats done by Anioco 
Analytical and the NREL CAT (Chemical Analysis and Testing) Team. In particular, the analysis of lot 3 from 
NREL and Amoco agree, but are significantly different from the outside laboratory. The questionable results 
will not be used for mass balance and yield calculations. Feedstock composition was likely very close to the 
middle values throughout the run. Follow up testing during Task 5 will be used to firmly establish fettdstoch 
composition. 

4.2 Pretreatment 

4.2.1 Sugar Concentrations and Yields 

Figure 3 shows monomeric and total soluble glucose concentrations in APR samples as a function of run time. 
Total soluble glucose is somewhat stable throughout the run (averaged 332 mg/g TS with a one standard 
deviation of 29). Monomeric glucose was typically 50%-70% of the total soluble glucose, except during 
periods of extremely poor performance when the ratio was .in the 2 0 Y 4 0 %  range. 





Figure 4 shows monomeric and total soluble xylose and acetic acid concentrations of APR samples during the 
run. Like monomeric glucose, there is a downward trend in these concentrations during the run. 
Monomeric xylose was typically 60%-75% of the total soluble xylose, except during 
periods of poor performance. 

Yields of total soluble glucose and xylose, and percent cellulose hydrolyzed during the run are shown in Figure 
5 .  Average feedstock compositions of 46.6% glucose, 18.4% xylose, and 24.5% starch were used. The 
calculation of cellulose hydrolyzed assumes complete hydrolysis of the starch. Average glucose, starch, and 
xylose content of all corn blends analyzed during this run were used, excludmg the obviously questionable values 
generated by the outside laboratory. Glucose yields ranged from 60%-80%. Cellulose hydrolyzed was 
typically between 10%-30%. Xylose yields were more variable, ranging from 70%-100%. Thts data (xylose 
yields) also shows a gradual decline in pretreatment performance beginning after 200 hours. 

4.2.2 APR Correlations 

Table 3 presents correlation coefficients for various APR parameters. Correlation coefficients (r) are used to 
show a linear relationship between variables. The closer the number is to 1 .O or -1 .O the greater the correlation. 
However, a correlation coefficient of 0.5 indicates that a variable accounts for only 25% of the variation in the 
other variable (determined by squaring r). Thus, only values of r greater than 0.8 show any significant degree 
of correlation. The table shows that only acid concentration and acid flow rate are highly correlated, with a 
weaker correlation between acid concentration and pH. These positive correlations would be expected and show 
that changes in acid flow rate are responsible for acid concentration and pH changes. None of the other APR 
variables (not all shown in Table 3) show any significant correlation within the measured range of the variables. 

Table 3. Correlation Coefficients for APR Parameters 

Variable Correlated With Correlation Coefficient 

Acid Concentration Acid Flow Rate 0.92 

Acid Concentration PH 
Monomeric Glucose Concentration 
Monomeric Xylose Concentration 
Total Soluble Glucose Concentration 
Total Soluble Xylose Concentration 
Acetic Acid Concentration 

PH Monomeric Glucose Concentration 
Monomeric Xylose Concentration 
Total Soluble Glucose Concentration 
Total Soluble Xylose Concentration 
Acetic Acid Concentration 

-0.62 
0.2 I 
0.33 

-0.0s 
0.48 
0.2 1 

-0.25 
-0.39 
0.13 

-0.48 
-0.29 

Temperature Monomeric Glucose Concentration -0.26 
Monomeric Xylose Concentration -0.3 1 
Total Soluble Glucose Concentration 0.0 
Total Soluble Xylose Concentration -0.1 1 
Acetic Acid Concentration -0.17 





pretreated sample. 

Table 4. Pretreatment Carbon Balance Closure with One Standard Deviation (in parentheses), Conversion of 

Component APR- 214 APR-295 APR-329 
3/16/96 13:OO 4/16/96 13:OO 4/29/96 13:OO 
(-23.5 hours) (72 I hours) (1 032.5 hours) 

Carbon Closure (%) 
Glucose 
Galactose 
Xylose 
Arab in0 se 
Lignin 

Overall 

Conversion to Total 
Soluble Sugars (%) 

Glucose 
Galactose 
Xylose 
Arab ino s e 

Monomeric to Total 
I Soluble Sugar Ratio (%) 

Glucose 
Xylose 

95.4 (13.6) 
81.8 (15.1) 
85.8 (1 8.6) 
83.9 (13.6) 
11 1.6 (21.0) 

94.7 (8.5) 

65.3 
79.4 
81.5 
81.1 

62.8 
65.5 

96.0 (13.3) 
46.2 (1 0.0) 
80.5 (19.0) 
84.5 (14.8) 
113.6 (24.6) 

93.0 (8.5) 

71.3 
43.7 
76.6 
80.5 

61.8 
66.9 

97.0 (13.7) 
88.2 (16.3) 
84.9 (1 9. I )  
90.0 (14.6) 
127.1 (25.6) 

98.8 (8.8) 

67.4 
87.7 
83.5 
88.7 

72.8 
81.6 

Carbon balance closure for all samples are good [except for galactose in APR-295) and well w i t h  100% at a 
95% confidence interval (two times the standard deviation). Conversions (or total soluble sugar yield) is as 
expected as previously discussed. APR-329 was taken near the end of the run and
appears to have been pretreated at a greater severity (i.e., greater xylose conversion and 
monomeric to total soluble sugar ratios), which was evident from the higher monomeric sugars levels recorded 
near the end of the run. 

All pretreatment data and detailed material balance printouts are shown in Appendix A. 

4.3 Fermentation 

4.3.1 SSCF 

The SSCF train began operation on March 17 with inoculation of the first 9000-L fernienter at 1O:OO (runtime 
0 hours). The third fermenter was filled by mid-day on March 19. The residence time for each fermenter was 
35-37 hours and the solids concentration was 25%-28%. The train operated in a continuous mode except 















The APR and fermentation train operated from March 27 to April 12 (1 6 days) with only 12 hours of 
downtihe with 6 hours as the longest period of downtime. The sugar concentrations in the pretreated 
feedstock showed a small gradual decline over this period and this was mirrored by a gradual decline 
in ethanol concentrations during SSCF. A contaminant was present during the last few days and 
consumed arabinose, but this did not have a noticeable effect on ethanol concentrations or products 
normally produced by the yeast. This could be considered contamination free according to the run 
specifications, although probably more than 10% of the living cells were contaminants. 

3. Run three sdges of SSCF at a total solids concentration of at least 25%. 

Three sbges of SSCF were mi at 3 solids concentration ranging from 25?C-28%. 

~ 4. Maintain at least 8 weight % ethanol in the feed to hstillation. 

Because of concern about ethanol inhibition of xylose metabolism at such high ethanol concentrations 
as shown by the Purdue experiments, this run specification was eliminated. 

5 .  Prove that yeht  growth is sufficient in the system so that additional inoculurn is not required. 
~ 

SSCF operated for six weeks without the need for additional inoculum. Cell growth was sufficient to 
maintain a steady population on pretreated feed produced by the APR during this run and at a 36 hour 
residence time. 

6. Close overall'mass and carbon balance around pretreatment and the PDU to within 15%. Close component 
balances to w i t h  25%. Use measurements of process offgas composition to close material balances. 

Overall carbon balances were closed to within 15% and most component balances were closed to within 
25% (0111 exception was galactose on an APR sample). Process offgas measurements were used for both 
APR f ldh vapor and fermentation exhaust gas. 

7. Compare the kerformance of the kinetics model with Task 4 data and see if the ethanol production rate is 
Within 20% of the predicted value. 

Actual ethanol production was w i t h  20% of the predicted value when ethanol irhibition constants 
generateh from Purdue data were used. But, the predicted xylose consumption and ethanol production 
were greater than actual values. 

8. Collect fermentation solids and wash so that sulfate levels in the wash water are no higher than 0.1 wt. %. 
Save solids for dture testing as animal feed. 

Approxhately 5.8 dry tons of solids were collected for animal feed testing. There was no washing of 
the solids and sulfate levels in the cake were approximately 0.7 wt. %. 





to calculate cell mass is still giving amounts that are lower than expected. During 
will be develop using LNHST2 for estimating cell mass from hemacytometer cell 

counts. 

7.0 Summary 1 
LNHST2 was dtially grown in the seed fermentation train using the 20-L, 160-L, and 1450-L fermenters. The 
APR and fermejtation equipment were successfully operated for a period of six weeks. Although the APR had 
several major downtimes (one day or longer), there was a continuous 16 day stretch of nearly continuous 
operation. A steady state was achieved during this time in which ethanol concentration in the fermenters tracked 
average sugar production from the APR. 

Although contaminants were detected in the main fermenters, antibiotics 
were used to successfully control major outbreaks. 

Spent fermentation broth was distilled as part of the kill step and to recover ethanol for use in a recycle stream. 
The column bottoms was sent to centrifugation to recover the solid product and approximately 5.8 tons of dry 
product was collected for animal feed testing. 

Most of the specifications for this run were successfully achieved, including operation at steady state for 14 days, 
adequate conversion of feedstock to sugars during pretreatment, sustained operation above 25% solids in SSCF 
at a total residence time of 36 hours in each fermenter, adequate closure of mass and carbon balances, elimination 
of continuous indculation, and collection of product for animal feed testing. Use of a recycle stream to achieve 
8.0% ethanol to ,distillation was not done because of concerns about ethanol inhibition. However, a recycle 
stream was used to increase ethanol concentration in SSCF to 4.5%. The most serious concerns are little or no 
xylose conversion to ethanol in the PDU and high levels of unconverted oligomeric glucose. Both of these issues 
need to be investigated at the bench scale. 
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PDU SSCF Material Balance (based on raw feed) 
SD = Studmd Devtotlon 

Run #: PPM1314CF Bared on average leedslodc compodtlon 
Date: 413196 
Ilrne: 1000 
Run Condilionr: Hyd-ober Temp (C) : Flash TmkTernp. (C): Q6 

Hydrdyzer Resdeme Time (rnh) : 
Hyddper Add Comentroflon (%): 
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Sld. Dev, = 4.53% 





PDU SSCF Material Balance (based on raw feed) 
SO = S h ~ k ~ r d  Devlrillon 

Run#: PP60314CF 
Oate: 4/26J9b Bmed on agerage leedstock canposition 
lime: I o m  
Run Conditions: Hydrotyzer lemp (C) : Flash T m k  Tarip. (C): 9a 

Hydrolyzer Residence h e  (mln) : 
Hydrdymr Acid Corceritrutloci (%I: 

SD C m p  Sqr Error $0 Cmip Sqr Error Sqr Error 
OW OOOO o m  oooo O W  O.Oo0 

0462 3 n m  w4 I P  1 2 1 8 7  O M )  o m  00 00 oooo 00 323.0 2 . m  0 6  374786 1218.752 
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0 oooo O M )  OOOO 00 o m  O M 0  OOOO 
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7 5  a9846 Imo 0 7  1232 000 O D 0 0  00 00 89846 123.234 
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0003 OOOO *DR//OI 0.m 
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Std. Dev. = 4.31% 





POW SSCF Material Balance (based on raw feed) 
SD = Slrrirk!rd Devlrillmi 

Run #: 
Date: 

PP603 l4CF 
4126196 

Btaed oti clverrlye feedstock caiiporitiai 

Ilme: I000 
Run Conditlonr: Hydrolyler Temp (C) : F l a h  lank Imp. (C): WI 

Hydrdyzer Reiderne Time (irilri) : 
Hydrolyler Add Coricerihutioci 6): 

SD Corrip Sqr Enor SD Conip Sqr Enor Sqr Enor 
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1839 is .519  m o  2 2  ma 000 o m  0 0  0 0  oooo 00 15351Q 503.355 
12.13 101.261 [COO 1.2 1726 0.00 oooo 00 00 oooo 00 101261 172.603 

89.W 127.195 

154300 32354 Im.0 285 2116 32 351 211 625 

7 5  89846 1000 0 7  1272 000 o m  0 0  0 0  

0w0 0003 0.W 'DR//Of 

om OOOO =Dn//of OOOO OOOO tW/U OOOO 
000 0003 *Dn//Of 0.W O w 0  *Drv/OJ OOOO 
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000 0 . W  *DR//o, OOOO Oodl dDW/Or 0030 
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